The centrosome functions as the microtubule-organizing center and plays a vital role in organizing spindle poles during mitosis.
Introduction
The centrosome, first described by Van Beneden and Boveri in 1876, has attracted the interest of cell biologists and remained a focus of attention for over a century [1] . It functions as the major microtubule-organizing center in most animal cells. The core of the centrosome is comprised of a pair of centrioles, cylindrical structures composed of nine groups of triplet microtubules [2, 3] . Each centriole is surrounded by pericentriolar material or centrosome matrix, which nucleates the growth of new microtubules [4] . By nucleating and anchoring microtubules, the centrosome influences most microtubule-dependent processes, including cell division, shape, polarity and motility, as well as intracellular transport and positioning of organelles [5] [6] [7] [8] . The centrosome also anchors regulatory molecules and may serve as a central site that receives, integrates, and transmits signals that regulate fundamental cellular functions [9] .
Progress has been made toward understanding the complex architecture of mammalian centrosomes using mass-spectrometric proteome analyses, which have identified several hundred polypeptides [10] . It was suggested that proteins with known functional domains or motifs are rarely found among human centrosome components. Instead, there is a tendency for proteins to adopt coiled-coil structures, which likely constitute the structural scaffold of the centrosome matrix [11] . Although many of the centrosomal proteins identified by proteomic analysis remain uncharacterized, several proteins essential for the centrosomal function have been analyzed in detail. Using gene knockdown technology, several laboratories have demonstrated that a number of centrosomal proteins perform essential functions in centrosome reproduction and cell division [12] [13] [14] [15] [16] [17] [18] [19] [20] .
Recently, we identified a centrosomal protein called CLERC (Centrosomal leucine-rich repeat and coiledcoil containing protein) which is a human ortholog of Chlamydomonas Vfl1 protein [21] . The bibliography as well as database searches provided evidence that the human proteome contains additional centrosomal leucine-rich repeat proteins other than CLERC. Given the importance of leucine-rich repeat as a protein recognition motif [22] , it is quite interesting to elucidate the nature of CLERC and other leucine-rich repeat proteins in the centrosome. Here, we review recent findings on the structure and function of CLERC and other human centrosomal leucine-rich repeat proteins. We also describe the functional properties of some leucine-rich repeat protein homologs present in lower organisms.
Structure of Centrosomal LRR proteins
The leucine-rich repeat (LRR) is a widespread structural motif that has been identified in thousands of protein sequences in a broad range of organisms. The LRR, usually present in tandem array, was first recognized in the leucine-rich glycoprotein [23] and subsequently defined as a protein motif by Kobe and Deisenhofer [24] . Each LRR motif is typically 20-30 amino acids long and generally rich in the hydrophobic amino acid leucine. The common feature of the LRR motif is a conserved 11-residue segment with the consensus sequence LxxLxLxxN/CxL (x can be any amino acid and L positions can also be occupied by valine, isoleucine and phenylalanine) [22] . The crystal structures of LRR proteins have revealed that LRR motifs form a horseshoe-shaped curved solenoid structure (LRR domain) [25, 26] . The concave surface of the LRR domain is a parallel β-sheet to which each LRR motif contributes one β strand. The outer convex side is composed of any one of the structural elements: α-helices, 3 10 helices, polyproline II helices and β-turns. The curved LRR domain structure appears to be well suited for building a structural framework for protein interactions. Many LRR proteins are associated with a variety of biologically important processes [27, 28] , including signal transduction and transmembrane receptors [29, 30] , RNA processing [31, 32] , neuronal development [33, 34] , immune response [35, 36] and extracellular matrix assembly [37] . Despite their involvement in diverse biological processes, the common function among LRR domains is that they form complexes with other proteins. by Nogales-Cadenas et al. [38] . This database contains a total of 383 human genes integrated on the basis of several types of evidence supporting centrosomal localization. A Hidden Markov Model (HMM) profile for LRR motif was obtained from Pfam database (http://pfam.sanger.ac.uk/) and was used to identify LRR-containing proteins with hmmsearch, a HMMER program (http://hmmer.janelia.org/) [39] . The HMMER search within the set of 383 human proteins identified a total of 6 centrosomal LRR proteins. In addition, we also identified a protein with LRR motifs, based on evidence in the literature. Although this protein (LRRC6) was not present in the CentrosomeDB, its localization to the basal body, a centrosome-related organelle, merits its consideration as a centrosomal LRR protein here. Table 1 shows a total of 7 LRR-containing centrosomal proteins retrieved. The human genes for centrosomal LRR proteins were found randomly dispersed across chromosomes in the genome, with the exception of chromosome 8, on which two LRR protein genes are located close to each other (Table 1) . Of the 7 LRR proteins, 4 have already been described in the literature. As depicted in Figure 1 , the number of LRR motifs in tandem ranges from 2, in the CEP72 protein, to 8, in the CEP97 protein. All the LRR motifs are clustered in the N-terminal half regions of the proteins ( Figure 1 ). Kajava and co-workers [22, 40] have proposed seven classes for LRR motif subfamilies on the basis of sequence patterns. They are as follows: (I) RI-like, with α-helical conformation in their convex sides; (II) SDS22-like, with typical LRR motifs 22 residues long and 3 10 conformation in the convex side; (III) cysteinecontaining, with LRR motifs usually 26 residues long; (IV) bacterial, with short LRR motifs; (V) typical, the most populated subfamily; (VI) plant specific, with LRR motifs similar in length to the typical subfamily; and (VII) TpLRR, with 23-residue LRR motifs containing specific consensus pattern. Sequence analyses of centrosomal LRR proteins suggest that LRR motifs of CLERC, Centriolin, CEP97, CEP72 and LRRC6 all belong to the SDS22-like LRR subfamily (Table 1) . Blast searches with these human centrosomal LRR proteins further allowed us to identify various homologs in evolutionarily divergent organisms. By using homologous LRR protein sequences, sequence logos [41] from relative entropy were generated on the WebLogo server (http://weblogo.berkeley.edu/) [42] . As shown in Figure 2A , inspection of LRR residues using the sequence logos further confirms that SDS22-like consensus sequences of the centrosomal proteins are highly conserved among divergent organisms. On the other hand, LRRC45 contains RI-like LRR motifs, which are comprised of longer amino acid sequences ( Figure 2B) . Finally, cysteine-containing LRR motifs are found in CEP78 ( Figure 2C ). At present, it remains unclear as to the evolutionary relationships of these LRR motifs in the centrosomal proteins. However, it is possible that the SDS22-like LRR motifs most frequently found in centrosomal proteins have a common and early evolutionary origin.
Functional and evolutional Features

CLERC
Chlamydomonas reinhardtii, the biflagellate unicellular alga, serves as a valuable genetic model system to better understand the molecular structure and regulation of centrioles/basal bodies [43] . Genetic approaches in Chlamydomonas allowed identification of the variable flagella number mutant, vfl1, which was observed to have defects in the number and localization of basal bodies and in their associated striated fibers [44] . Silflow and colleagues [45] extensively studied the vfl1 gene that encodes a protein of 128 kDa with five leucine-rich repeat motifs near the NH 2 terminus and a large coiled-coil domain at the COOH terminus. The mutant phenotype, together with the localization results, suggested that Vfl1 protein plays a role in establishing the correct rotational orientation of basal bodies. The human protein CLERC was originally identified as an ortholog of Chlamydomonas Vfl1 protein by using iterative PSI-BLAST searches [21] . The CLERC gene maps to 8q21.2 and database analyses suggest the existence of potential isoforms. One of the isoforms, which is most closely related to Vfl1, consists of 19 exons and encodes one predicted open reading frame of 1032 amino acids, with a predicted molecular mass of 120 kDa. Although the global alignment of the Chlamydomonas Vfl1 and human CLERC sequences showed an identity of only 22%, the two proteins share a coiled-coil region distributed over its C-terminal two-thirds and a LRR domain comprised of five LRR motifs near the N-terminus (Figure 1 ). Blast searches with the CLERC sequence further identified homologs in various organisms, including the protist Tetrahymena (Figure 3) . Members of this protein family have a relatively conserved size and structure, with the LRR domain located towards the N terminus, followed by one predicted coiled-coil domain in the C-terminal half. A multiple alignment using Clustal W indicated that LRR domain is highly conserved [21] . These features suggest that the CLERC protein family has an ancient origin.
In a proteomic analysis of the human centrosome [10] , CLERC was listed as KIAA1764 and predicted to be a centrosomal protein by a protein correlation profiling algorithm [10, 11] . Immunofluorescence microscopy further demonstrated that endogenous CLERC protein associated with the centrosomes throughout the cell cycle and accumulated during mitosis in cultured human cells. CLERC expression appeared to be cell cycledependent and its levels behaved similarly to those of cyclin B. CLERC exhibited extremely low levels at the G 1 cells, but started to express an abundant level at the S phase and peaked at the mitotic phase. When cells moved out of the mitotic phase, CLERC levels decreased to a very low level. RNAi-mediated depletion of CLERC in HeLa cells resulted in a high percentage of mitotic cells that had three or four spindle poles [21] , which indicates that CLERC is necessary for the bipolar organization of the mitotic spindle. The formation of multiple spindle poles can result from several different routes that can be distinguished by the number of centrioles found at the individual poles [46, 47] . The results obtained by using centrin staining revealed that many of the spindle poles in CLERC depleted cells contained only one centriole, indicating that centrosomes split into fractions containing a single centriole. Thus, the depletion of CLERC is considered to induce the aberrant centriole disengagement during spindle pole formation or during mitosis [48] [49] [50] , and the major function of CLERC might be to maintain the centriole engagement during mitosis, thereby contributing to spindle bipolarity [21] .
Vfl1 protein from Chlamydomonas is the founding member of the evolutionarily related CLERC protein family and database searches detect various CLERC homologs in the genomes of distant organisms ( Figure 3) . Interestingly, a CLERC homolog is present in eukaryotes that have basal bodies or centrioles, whereas none is apparent in fungi or plants, which have structurally distinct spindle poles and no centrioles. In addition, homologs are also absent from the genomes of Caenorhabditis elegans and Drosophila melanogaster, which contain atypical centrioles [51] [52] [53] . This characteristic distribution suggests that CLERC family proteins have a crucial role specifically related to centriole/basal body function in diverse organisms. Although implication of CLERC in the basal body function, such as cilium formation in human cells, remains to be elucidated, further investigations to define the molecular mechanisms underlying CLERC-mediated centrosome integrity during mitosis will greatly advance our understanding of spindle formation.
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Centriolin
Gromley and coworkers [14] used sera from patients with the autoimmune disease scleroderma to screen a human cDNA library for genes encoding centrosomal proteins. They identified a novel 270 kDa polypeptide, termed centriolin, which associates with centrioles [14] . This protein contains five LRR motifs near the NH 2 terminus (Figure 1 ) and shows sequence similarity to several previously identified proteins. These include two regions of homology with the human oncogenic transforming acidic coiled-coil proteins (TACCs) [54] , the human oncogenic protein stathmin [55] , and a region near the COOH terminus with homology to the centrosomal protein CEP110 [56] . In addition, a region near the NH 2 terminus shared homology with Nud1p and Cdc11p, budding and fission yeast spindle pole body proteins that anchor components of the yeast MEN and SIN, respectively [57] . Since this N-terminal region of centriolin and the corresponding regions of Nud1p and Cdc11p all have LRR motifs, homology detected among these proteins might be mainly derived from the similarity of the LRR motifs.
Immunofluorescence microscopy demonstrated that centriolin was localized to centrosomes and associates specifically with the mother centriole. Localization of centriolin to the mother centriole was confirmed by inducing growth of a primary cilium, which is assembled using the mother centriole as a template [58] . Interestingly, centriolin sometimes appeared adjacent to the intercellular bridge during cytokinesis, suggesting that the centriole had moved to this site. As cytokinesis progressed, centriolin ultimately became concentrated at the midbody. When centriolin expression was reduced using siRNAs, a dramatic increase in the percentage of late-stage mitotic cells was observed [14] . Moreover, cells with reduced centriolin appeared to be arrested in the final stages of cytokinesis and most cells retained intercellular bridges of varying length and thickness. These observations and the localization of centriolin at midbody suggest that centriolin is required for terminal events of cytokinesis to occur, especially at the stage of cell abscission.
In a more recent study, Gromley and colleagues [59] demonstrated that centriolin interacts with proteins of vesicle-targeting exocyst complexes and vesicle-fusion SNARE complexes. These complexes require centriolin for localization to a unique midbody-ring structure, the Flemming body [60] . Reduction of exocyst levels by siRNA causes an abscission defect similar to that caused by centriolin depletion [61] . In addition, depletion of the SNARE-associated protein snapin also causes a similar abscission defect. Based on these extensive analyses, Gromley and colleagues [59] proposed that centriolin anchors protein complexes required for vesicle targeting and fusion, and integrates membrane-vesicle fusion with abscission in mammalian cells.
CEP97
CP110 is a centrosomal coiled-coil protein that interacts with two small calcium-binding proteins, calmodulin and centrin [62, 63] . Depletion of CP110 exhibits premature centrosome separation in S phase arrested cells [62] and cytokinesis defects [63] . Using immunoaffinity purification and mass spectrometric sequencing, Spektor and colleagues [64] have analyzed proteins associated with CP110 and identified several uncharacterized proteins reported in a recent proteomic analysis of human centrosomes [10] . Among those human centrosome proteins, they recognized a novel protein, leucine-rich repeats and IQ motif containing 2 (LRRIQ2). They renamed this protein CEP97 based on its centrosomal localization and predicted molecular mass of 97 kDa. CEP97 contains eight LRR motifs predicted by HMM profile of the Pfam database (Figure 1) , an IQ CaM-binding motif, and a short coiledcoil domain. The CEP97-CP110 binding appears not to be mediated by calmodulin, but is likely to be direct, based on in vitro translated proteins and immunoprecipitation experiments [64] .
Immunofluorescence analysis revealed that CEP97 localized exclusively to centrosomes, consistent with its ability to interact with CP110. Since CEP97 staining overlapped extensively with centrin, it was suggested that CEP97 colocalizes with CP110 at centrioles. Cell cycle analysis indicated that CEP97 localized to the centrosomes throughout the cell cycle and its level was low in G 0 cells and increased on cell-cycle entry. Spektor and colleagues [64] further examined the consequences of CEP97 knockdown in U2OS cells, using siRNAs targeting CEP97. They observed a remarkable increase in the number of cells with monopolar and multipolar mitotic spindles in CEP97-depleted cells as compared to controls. Moreover, some of the cells with abnormal mitotic spindles exhibited a markedly long microtubular structure that emanated from a centrosome. This long and aberrant microtubular structure was reminiscent of a primary cilium [65] . In order to elucidate the ciliary structures formed after CEP97 depletion, they further examined cells for a well-established primary cilium marker, acetylated tubulin, after transfection with control and CEP97 siRNAs. Indeed, long cilia-like structures containing acetylated tubulin appeared in cells depleted of CEP97. The simple explanation for these data is that primary cilia assemble in cells lacking CEP97, or that CEP97 inhibits the ability of centrioles to form cilia. Spektor et al. [64] suggested that loss of CEP97 function relieves an inhibitory barrier, activating a switch that sets in motion a ciliary assembly program in proliferating somatic cells.
LRRC6
LRRC6 was first identified as a mammalian testis-specific protein of unknown function, which most abundantly expressed in pachytene and diplotene cells in meiosis I from mice and human testis [66] . Morgan and coworkers [67] cloned its ortholog, TbLRTP, in the flagellated protozoan Trypanosoma brucei. TbLRTP is a protein of 383 amino acids with a predicted molecular mass of 43.3 kDa and contains five LRR motifs near the NH 2 terminus (Figure 1 ). This protein also contains several glutamic acid-rich acidic regions near the COOH terminus and a predicted small coiled-coil domain. Immunofluorescence analysis confirmed the close localization of TbLRTP to both the mature basal body and the probasal body. In order to elucidate the TbLRTP function in Trypanosoma, Morgan and coworkers [67] performed overexpression and RNAi experiments. In TbLRTP overexpressing cells an increase in cell size was observed, while RNAi of TbLRTP resulted in reduced cell length. There was also a direct correlation between flagellum length and cell size. In some of the overexpressing cells, mitosis occurred in the absence of basal body duplication, whereas RNAi resulted in additional basal bodies free in the cytoplasm. According to these findings, Morgan et al. [67] concluded that TbLRTP suppresses basal body replication and subsequent flagellar biogenesis and plays a critical role in the control of the cell cycle.
The LRRC6 family is highly conserved throughout evolution, and homologs are present in phylogenetically diverse organisms, such as protozoan, insects and mammals. Significantly, the zebra fish homologue of LRRC6, Seahorse, has been reported to be involved in ciliary function and, further, was implicated as having a role in the development of polycystic kidney disease [68] . Recently, Kishimoto and colleagues [69] reported the cloning and characterization of seahorse mutants. They demonstrated that seahorse is required for establishing left-right asymmetry and for preventing kidney cyst formation. Moreover, seahorse transcript is highly enriched in heavily ciliated tissues, and it genetically interacts with the ciliary gene inversin. There is also evidence that Seahorse associates with Dishevelled, one of the multi-module proteins working in the Wnt pathway. Taken together, these data suggest that Seahorse may provide a link between ciliary signals and Wnt pathways. More recently, Serluca and colleagues [70] cloned and characterized other alleles of seahorse mutants, and provided the experimental evidence that LRRC6/Seahorse is required for ciliary motility in vivo.
At present, it remains unclear as to the physiological function of human LRRC6 protein. It is possible that human LRRC6 also plays an essential role in cilia related function. However, its high expression in the meiotic cells from testis suggests another function for the LRRC6 [66] .
CEP78, CEP72 and LRRC45
CEP78, CEP72 and LRRC45 were all previously listed in a proteomic analysis of the human centrosome and predicted to be centrosomal proteins by a protein correlation profiling algorithm used in a mass spectrometry-based proteomic study [10] . However, no publications are available on the detailed characterization of these proteins. Only recently have there been preliminary descriptions of CEP72 as an binding partner of Kizuna [71] , but detailed description is not available (Oshimori N., Ohsugi M., Yamamoto T., presented at the Biochemistry and Molecular Biology BMB2008, Kobe, Japan, 9-12 December 2008).
Concluding Remarks
In this minireview, we addressed the members of centrosomal leucine-rich repeat proteins and summarized recent observations that implicate the LRR proteins in centrosomal and mitotic functions in mammalian cells. Although significant progress has been made towards elucidating the functional properties of several centrosomal LRR proteins, virtually nothing is known about the functions of CEP78 and LRRC45. Moreover, despite the critical role of LRR motifs as a structural framework for protein-protein interactions, relatively little is known about the binding partners for these motifs present in the individual centrosomal LRR proteins. Therefore, one of the essential fields for future research is to identify the proteins that interact directly with LRR motifs of individual centrosomal LRR proteins. In this context, it is intriguing that the Nud1p-like domain of centriolin binds Bub2p [14] , the budding yeast GTPase-activating protein that regulates the mitotic exit network (MEN) [72] . The Nud1p-like domain of centriolin is mainly constituted of LRR motifs, as described above. Thus, it may be rewarding to explore a possible connection between the LRR motifs of centrosomal LRR proteins and the components of small G protein cascade. The study of the centrosomal LRR proteins has considerably advanced our understanding of centrosome dynamics, and future studies in this field will also be exciting and illuminating.
Note added in proof: During revision of this article, functional characterization of CEP72 was described by Oshimori et al. [73] . The authors showed that CEP72 was the key protein essential for maintaining microtubule-organizing activity and structural integrity of the centrosome.
